Compensator (SSSC) and Thyristor Controlled Series Compensator (TCSC) to investigate the voltage magnitude profile, active and reactive power losses of the Nigerian 48-bus power system network for steady state stability enhancement using power system analysis toolbox (PSAT) in MATLAB environment. Optimal location of the FACTS devices was achieved through the computation of the voltage stability sensitivity factors (VSSF) for all the buses after continuation power flow (CPF) was carried out. Simulation results obtained without and with the FACTS devices revealed that the two FACTS devices especially TCSC has the capability to raise voltage profile of the buses and mitigate against power losses.
INTRODUCTION
Power system stability is the ability of an electric power system, for a given initial operating condition, to regain a state of operating equilibrium after being subjected to a physical disturbance [1] . In voltage stability, this entails the ability of a power system to maintain an acceptable voltage profile throughout all the buses in the power system under normal condition and after experiencing a perturbation in the power network. A system enters a condition of voltage instability when a disturbance causes an increase in load demand or change in the system condition causes progressive and uncontrollable decline in voltage [2] . Now, more than ever, advanced technologies paramount for the reliable and secure operations of power systems [3] based on power electronics equipment called FACTS (Flexible AC Transmission Systems), provide proven technical solutions to address the operating challenges of power system instability being presented today. FACTS technologies allow for improved transmission system operation compared to the construction of new transmission lines. In [4] , voltage collapse proximity index was computated for optimal placement of Thyristor Controlled Series Compensator (TCSC) and Static Synchronous Compensator (STATCOM) modeled in the IEEE 14 bus system using Power System Analysis Toolbox (PSAT) in MATLAB for improvement in the voltage stability of the system. In [5] also, reactive power loss sensitivity factor method was employed to find out the best possible location of TCSC and Static Var Compensator (SVC) using power world simulator 8.0 on modified IEEE 9 bus system. Application of SVC using Owerri Transmission Company as case study for enhancement of power system voltage stability with the aid of reactive/capacitive power switching mechanism was presented in [6] . In [7] , 28 bus, 330 kV Nigerian transmission system was modeled for the comparison of the voltage enhancement and loss reduction capabilities of STATCOM and Static Synchronous Series Compensator (SSSC) FACTS Controllers using MATLAB based programs. An overview of placement of TCSC for enhancement of power system stability was presented in [8] . Here, differential evolution technique was employed for the minimization of transmission losses and enhancement of stability of the power system. In [9] , a systematic modular approach to incorporate series and shunt FACTS controllers in differential algebraic equation (DAE) model of multimachine power system in coordinated control manner for voltage stability analysis using MATLAB toolbox was presented. [10] reviewed the series and shunt compensation techniques in their discussion of the Nigerian 330 kV transmission system associated with various small signal perturbations in Nigeria power system. In [11] , STATCOM was optimally placed in the Nigerian 330 kV, 30-bus system using ant colony optimization metaheuristic technique for stability in the voltage profile of the buses. In [12] , Unified Power Flow Controller (UPFC) was applied to Nigeria's 330 kV, 28-bus transmission system using MATLAB to minimize prolonged and frequent voltage instability in the network and enhance stability while in [13] , Newton Raphson power flow iteration method using MATLAB was adopted to optimally placed SSSC in the Nigerian 28-bus system to control voltage magnitude at low voltage buses. In this paper, PSAT software will be used to model a larger Nigerian power system of 48 buses [18] , 16 PV generators for load flow studies with 79 transmission lines which reflect the true nature of the ever expanding power system in Nigeria. Simulation studies will be carried out with the application of TCSC and SSSC to investigate the steady state stability of the system for improved system performance.
MODELING OF TCSC AND SSSC 2.1 TCSC
The functional model of TCSC is represented in Figure  1 with the terminals of the controller at TK and TM. The fundamental frequency operation can be represented by the following set of equations, which includes the control system equations and sinusoidal currents in the controller. Figure 1 : Thyristor Controlled Series Capacitor [14] [ ′ , ∝ ′ ] = ( , ∝, ,
) stand for the internal control system variables and equations. is the constant reactance TCSC model, α is the firing angle TCSC model, B is the series susceptance of the TCSC, Vk and Vm are the terminal voltages of controller, and are the magnitudes of the angles at the controller terminals, Qk and Qm are the reactive power injections at both controller terminals, P and I are the active power and current flowing through the controller respectively, Be is given as [14] .
(∝) = ( 4 − 2 2 + 1) cos ( −∝)
For an impedance control model with no droop, which yields the simplest set of steady state equations from the numerical point of view, the power flow equations for the TCSC are − = 0 (8) + sin( − ) = 0 (9) − 2 + cos( − ) − = 0 (10) − (∝) = 0 (11)
SSSC
The functional model of SSSC is shown in Figure 2 . The SSSC is a series voltage source equipped with a source of energy in the DC link that can supply or absorb the reactive and active power to or from the line [16] . 
Active power flow control
The active power flow constraint is as follows [17] 
where is the specified active power flow control reference along the line between bus j and i, and Pji is the active power flow given as;
Where
; Vse and Zse are the voltage source and impedance sources respectively.
Reactive power flow control
The reactive power flow constraint is as follows; − = 0 (15) where is the specified reactive power flow control reference, is the SSSC branch reactive power flows and
Bus Voltage Control
The bus voltage control constraints is given as; − = 0 , − = 0 (17) where and are the bus voltage references.
Reactance Control
In this control function, Vse is regulated to control equivalent reactance of the SSSC to a specified reactance reference;
where is the reference reactance, Xc is the function of state variables Vi, Vj and Vse. The objective function can be written as ∆ ( ) = ( ) − = 0 (19) where = [ , , , , , ]
Voltage and Current Constraints of the SSSC
The equivalent voltage injection Vse bound constraint is
is the voltage rating of Vse, which may be constant or change slightly with the changes in the DC bus voltage, depending on the inverter design. The current through each series converter should be within its current rating:
is the current rating of the series converter. But = < = − − , the actual current magnitude through the SSSC can be obtained as (22). Tables 1 and 2 show all the data for the 48 buses and transmission lines respectively.
MODELING OF THE NIGERIAN 48-BUS SYSTEM

SIMULATION RESULTS OF NIGERIAN 48-BUS SYSTEM
The steady state performances of TCSC and SSSC are here presented by the outcome of the voltage magnitude profile at the buses, the real and reactive power loses experienced at the transmission lines. Tables 3  and 6 . Table 4 shows the results of the continuation power flow (CPF) where the load at the buses were increased successively until the critical loading parameter was reached. Following the successful completion of power flow and CPF simulations for the Nigerian 48-bus system, voltage stability sensitivity factors (VSSF) were computed for all the load buses as displayed in Table 5 . The result of the CPF is completed in 2.0922 seconds with maximum loading parameter (max) equaling 3.1887. Taking a look at Table 4 , it can be observed that buses 3(Kaduna), 4(Kano), 6(Makurdi), 9(Jos), 13(Osogbo), 22(Ugwuaji) and 28(Ayede) were found to be very weak buses with voltages well below 0.800 p.u. Bus 4(Kano) is noticed to be the weakest bus with voltage magnitude of 0.36128 p.u. From Table 5 (VSSF), Bus 4(Kano) is also seen to have the highest factor of 0.57724 and therefore, the weakest bus and most suitable for the installation of TCSC and SSSC. Table 3 . The iteration is completed in 0.156 second after 4 iterations with a maximum convergence error of 2.9437 e-09 p.u. and active and reactive maximum power mismatches are 2.12e -13 p.u. and 4.01e -13 p.u. respectively. The voltage profile for the unfortified system of Figure 3 and as depicted in Table 3 shows that the following buses have voltage magnitudes below the acceptable ±5% of the normal 330 kV voltage magnitude profile (1.0 p.u) [19] : 3(Kaduna), 4(Kano), 6(Makurdi), 9(Jos), 28(Ayede) and 31(Sakete). The result of the power flow also showed that the total real power generation in p.u. stands at 57.94345 p.u. and the reactive power at 43.25271 p.u. The total real power load of the system is 57.35 p.u. and the reactive power of the load is 39.52 p.u. It can also be seen that the total real power losses in pu is 0.59345 p.u. while the reactive power losses is 3.73251p.u.
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From the Newton Raphson power flow of the system of Figure3, the best position for the installation of TCSC is on line 3-4 closer to the bus with the highest VSSF which was found out to be bus 4(Kano) with 0.57724 as shown in Table 5 . The result of the power flow of the network is summarized in Table 6 with the voltage magnitude profile indicated. Power flow is completed in 0.687 second after 4 iterations with a maximum convergence error of 9.6232e -11 p.u. and active and reactive maximum power mismatches of 1.07678 p.u. and 1.06881 p.u. respectively. The voltage levels at the buses with dips are raised up to and within ±5% of the acceptable value. Total real and reactive power generation for the system with TCSC is 57.94345 p.u. and 42.76825 p.u. respectively, while the losses are reduced to 0.48732 p.u. for active power and 3.24825 p.u. for reactive power. Furthermore, the network of the Nigerian 48 bus system modeled with the installation of SSSC on line 3-4 closer to bus 4 is shown in Figure 4 . The power flow of the network also summarized in Table 6 is completed in 0.156second after 4 iterations with a maximum convergence error of 1.6667 e-10 p.u. The active and reactive maximum power mismatches are 63.19024 p.u. and 46.42357 p.u. respectively. Table 6 shows the voltage magnitude profile with SSSC indicating the improvement of the buses with voltage dips. The total active power losses reduced from 0.59345 p.u. to 0.49761 p.u. and the total reactive power losses reduced from 3.73271 p.u. to 3.39690 p.u. respectively. Graphical representation of the voltage magnitude profile of the buses is shown in Figure 5 . 
CONCLUSION
The steady state stability of the Nigerian 48-bus system has been thoroughly investigated through the use of TCSC and SSSC. The parameters of the system modeled using PSAT without FACTS devices is compared with the system with TCSC and SSSC in the event of small disturbances like voltage drops as a result of long transmission lines, variation in loads etc. The FACTS devices performed creditably by enhancing stability through restoring the voltages at some buses back to an acceptable value and also mitigating against both real and reactive power losses in the system. Of the two devices, TCSC was observed to give a better compensation for effective steady state stability of the Nigerian 48-Bus system compared to SSSC.
